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I. ABSTRACT
Graphene pseudohalides are natural candidates for use
in molecular sensing due to their greater chemical ac-
tivity as compared to both graphene halides and pris-
tine graphene. Though their study is still in its in-
fancy, being hindered until recently by the unavailability
of both selective and efficient procedures for their syn-
thesis, they promise to considerably widen the applica-
tion potential of chemically modified graphenes. Herein,
we employ vdW-DFT to study the structural and elec-
tronic properties of two selected graphene pseudohalides
namely cyanographone and isocyanographone and inves-
tigate the potential use of the latter as a chemical sensor
via electron transport calculations.
II. INTRODUCTION
In the wake of the so aptly termed rise of graphene
[1, 2], recent years have seen a growing interest in modi-
fying graphene, overcoming its weaknesses, and tailoring
its properties to specific applications. A promising av-
enue towards that goal consist in its functionalization
by appropriately chosen chemical groups [3–20]. Among
these, atomic substituents such as H, F, Cl and Br have
attracted large amounts of attention, especially in the
theoretical community, as they allow for a relatively sim-
ple and controlled functionalization and lend themselves
well to computational study [21, 22].
Though the interest in graphene halides has been ex-
tensive, interest in graphene pseudohalides has begun to
emerge only rather recently [13, 16, 23]. This is in part
due to the fact that, until lately, no synthetic protocols
were in place which allowed for the efficient and selec-
tive synthesis of such derivatives [15, 16, 23]. Pseudo-
halogens, e.g. N3, SCN, CN, are highly attractive as
graphene additives as they offer much greater chemi-
cal activity than true halogens, while at the same time
presenting many of the attractive chemical properties of
halogen atoms. Though there is in principle a wide va-
riety of pseudohalides, herein we will focus solely on the
cyano group (CN) and two possible derivatives that can
be formed from it, i.e., cyanographene (GrCN) and iso-
cyanographene (GrNC) in which the cyano group binds
∗ marsoner@zedat.fu-berlin.de
to the graphene layer via the carbon and nitrogen atom
respectively.
Cyanographene has recently been synthesized for the
first time by Bakandritsos and coworkers via the re-
action of NaCN with fluorographene [15]. While ex-
perimental results indicate a functionalization degree of
13 − 15% herein we will only consider stoichiometric
derivatives. Moreover, though symmetrically function-
alized materials are certainly interesting they, just as
most graphene halides, have the disadvantage of being
rather wide band gap semiconductors – making them
unappealing for many potential applications. One way
to overcome this problem consists in asymmetrical func-
tionalization on just one side of the graphene layer. We
will, in analogy to half-hydrogenated graphene, use the
suffix –one to indicate such half-functionalized graphene
pseudohalides. Half-cyanated graphene will therefore be
termed cyanographone while half-isocyanated graphene
is referred to as isocyanographone. Apart from analyz-
ing the structural and electronic properties of the pristine
and BN adsorbed cyano- and isocyanographone layers we
will, for the case of cyanographone, see how adsorption
of gas molecules can significantly alter its electron trans-
port properties rendering it an interesting target for the
development of nanoscale chemical sensors.
Gas sensors play a crucial role in a variety of fields,
ranging from scientific research to industrial or domes-
tic activities [24–26]. In recent years a growing number
of researchers have become interested in exploiting the
attractive properties of 2D materials such as their ex-
tremely high surface to volume ratios, for the detection of
rarefied gases with the promise of achieving measurement
accuracy down to individual molecules [27–30]. One of
the main challenges facing the application of 2D materi-
als to gas sensing though, consist in selectively detecting
specific types of molecules. While e.g. great progress has
been made in the field of graphene-based sensors [31–37],
most common gas species are only weakly adsorbed on
the graphene surface [38, 39], thereby increasing the risk
of cross-sensitivity. Using electron transport calculations
we will herein show how a hypothetical BN adsorbed
cyanographone (GrCN@BN) based sensor is able to se-
lectively detect CO and H2S in the presence of a number
of common atmospheric gases (N2, CO2, and O2).
III. COMPUTATIONAL DETAILS
Calculations in this work were performed using the
GPAW program [40–43]. If not otherwise stated, all
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2calculations further employed the libvdwxc [44] imple-
mentation of the vdW-DF-CX functional by Berland and
Hyldgaard [45–48] which allows for a consistent descrip-
tion of non-local vdW-forces within the framework of
density functional theory. We note at this point that,
in the case of spin-polarized calculations, the total den-
sity was used to evaluate the non-local vdW correlation.
During structure optimization, atomic positions were
relaxed until the remaining forces were below 0.05 eV/A˚,
while unit cell parameters were obtained from parabolic
fits of energies around the minimum. Unless otherwise
stated, all calculations were performed using a real-space
grid representation of the wave functions with a grid
spacing of 0.15 A˚ (rounded slightly in order to match
the unit cell) and employed at least a 24× 24 Γ-centered
Monkhorst-Pack grid.
Structure optimizations on supercells used to study
molecular adsorption were done using a LCAO expan-
sion of the wave functions [49] employing a double-ζ
polarized (dzp) basis set. Unit cell parameters were
kept constant during the relaxation while atomic posi-
tions were again allowed to relax until remaining forces
were below 0.05 eV/A˚. Binding energies were again ob-
tained using a real-space grid representation of the wave
functions. While structure optimizations employed a Γ-
centered 4×4 Monkhorst-Pack grid for the 3×3 supercell,
in the case of binding energies a Γ-centered 8×8 grid was
used.
Nudged elastic band (NEB) calculations on transition
paths and activation energies for molecular chemisorp-
tion reactions where performed using the ASE [50, 51]
implementation of the method (see ref. [52, 53] and [51]
for details). Relaxations of the individual images em-
ployed the same parameters and methods as those used
during relaxations of molecules on surfaces. After deter-
mination of the transition paths a final single point calcu-
lation was performed on all images using real-space grid
representation of the wave functions in order to improve
reaction energetics. This final calculation also employed
a Γ-centered 4× 4 Monkhorst-Pack grid.
Finally, electronic transport calculations were done via
the ASE implementation of the nonequilibrium Green’s
function formalism (see ref. [54–57] and [51] for details on
the method and implementation). The Hamiltonians and
overlap matrices were obtained from LCAO calculations
employing the the vdW-DF-CX functional with a dzp
basis set. The computational cell was sampled using 4
Monkhorst-Pack k-points along the periodic direction.
IV. RESULTS AND DISCUSSION
A. Symmetric and asymmetric functionalization
As shown in fig. 1, we initially considered both sym-
metrically (Gr2CN, Gr2NC) and asymmetrically satu-
rated (GrCN, GrNC) graphene derivatives. The former
can be expected to display an electronic structure analo-
gous to that of ordinary graphene halides such as fluoro-
graphene [7, 58, 59] and graphane [60–62], characterized
by rather large band gaps. To verify this, we calculated
the quasiparticle gaps of the aforementioned systems us-
ing the GLLB-SC potential by Kuisma et al. [63, 64]
which has been shown to yield excellent agreement with
experimental results for a large number of systems [65].
GrCN GrNC Gr2CN Gr2NC
FIG. 1. Summary of the different types of functionalization
considered, together with the associated designations which
will be used throughout this work. GrCN and GrNC refer
to cyanographone and isocyanographone while labels Gr2CN
and Gr2NC are used to indicate cyanographene and iso-
cyanographene respectively. In all cases, carbon atoms are
drawn in gray while nitrogen atoms are shown in dark blue.
As expected, we find Gr2CN/Gr2NC both to be
wide band gap semiconductors with Gr2CN having a
GLLB-SC+∆xc quasiparticle gap equal to 3.9 eV while
Gr2NC shows a gap of 3.4 eV. Given that their large
band gaps make them unappealing for a number of po-
tential applications such as photovoltaics or chemical
sensing, we will herein not consider the fully saturated
cases any further, focusing rather on the more inter-
esting half-functionalized systems. These asymmetri-
cally saturated structures contain an unpaired electron
on one of the two graphene sublattices (the other being
functionalized by the cyano group), making them anal-
ogous to half-hydrogenated/-fluorinated graphene, i.e.,
graphone/fluorographone [66–76].
Given their structure, one would naturally expect these
systems to display some form of long-range magnetic or-
dering. To confirm this, we performed vdW-DF-CX and
PBE [77] calculations on a 2 × 2 supercell of GrCN and
GrNC considering both ferromagnetic and antiferromag-
netic ordering of the unpaired electrons and comparing
their energy to that of the spin-paired state. The re-
sults of these calculations are depicted in fig. 2 which
shows that, as is the case for graphone, both cyanogra-
phone (GrCN) and isocyanographone (GrNC) display a
ferromagnetic ground state. This stands in contrast to
the case of half-fluorinated graphene [72, 76] where fer-
romagnetic ordering of the spins does not correspond to
the lowest energy state of the system. Of the two sys-
tems considered, GrCN is more stable than GrNC by
≈ 0.7 eV/unit cell with vdW-DF-CX and PBE results
differing only slightly.
3-759 meV
(-908 meV)
-801 meV
(-939 meV)
-1248 meV
(-1420 meV)
 -1326 meV
(-1488 meV)
GrCN GrNCSpin state
FIG. 2. Stability of different spin-phases of GrCN and GrNC.
The central image shows a schematic representation of the
ferromagnetic as well as antiferromagnetic spin orientation.
Energies are given relative to the spin-paired case with val-
ues corresponding to results obtained using the vdW-DF-CX
(PBE) functional. Note that for vdW-DF-CX, the total den-
sity was used to evaluate the non-local vdW correlation.
V. STABILITY
One of the main challenges of partially-saturated
graphene derivatives is their relatively low stability com-
pared to fully-functionalized systems. To overcome this
problem in the case of graphone, Hemmatiyan et al. pro-
posed depositing the material on hexagonal boron nitride
(BN) [74] which they found to lead to a significant sta-
bilization.
We mention at this point, that the lattice mismatch
between GrCN/GrNC and BN is ≈ 5%. While the dif-
ference is rather small, it would at the same time result in
long-range Moire´ superlattices which might show locally
different electronic properties, making practical applica-
tions of the materials more difficult. Fortunately, both
cyanographone and isocyanographone bind strongly to
the BN substrate (see fig. 3), making the emergence of
large-scale Moire´ structures less likely. In our calcula-
tions we have in all cases fixed the lattice constant of
the GrCN/GrNC@BN bilayer to that of GrCN/GrNC
respectively.
As a first step in considering the influence of BN ad-
sorption on the stability of GrCN/GrNC we performed
a series of calculations for different relative orientations
of the two monolayers. This analysis was only done for
GrCN as conclusions are expected to be applicable also
to GrNC. The results – as summarized in fig. 3 – show a
clear preference for the carbon atom containing the un-
paired electron to be adsorbed on top of the boron atom.
The effect can be explained by the formation of a co-
valent bond between the electron-rich carbon atom and
the relatively electron-poor boron atom within the BN
layer. The position of the nitrogen atom on the other
hand has a much smaller influence on the binding energy
(compare orientations 1 and 5 in fig. 3). Still the system
shows a clear minimum (orientation 1 in fig. 3) which
is ≈ 130 meV per unit cell more stable than the second
-665 meV
1
-73 meV
2
-125 meV
3
-124 meV
4
-530 meV
5
-93 meV
6
FIG. 3. Relaxed structures for unit cells with different high-
symmetry orientations of the GrCN@BN bilayer. Nitrogen
atoms are shown in blue, while boron atoms are shown in rose
and carbon atoms in gray. Note that in the case of adsorption
position 1, the buckling of the graphene layer is ≈ 0.5 A˚ as
compared to ≈ 0.4 A˚ in the freestanding case. Adsorption
on top of a nitrogen atom has almost no influence on the
buckling and e.g. structure 3 shows the same level of buckling
as the freestanding GrCN layer. The binding energy for each
structure is given per unit cell.
most stable structure (orientation 5 in fig. 3).
It is worth noting, that the formation of the carbon–
boron bond leads to the suppression of the GrCN mag-
netic moment while at the same time the system main-
tains its conducting nature, as is shown in fig. 4.
Figure 4 also shows the local DOS for the two sys-
tems which provides us with some additional informa-
tion as to the nature of the changes to the GrCN elec-
tronic structure upon BN adsorption. Let us focus first
on the freestanding GrCN layer. Clearly, the unpaired
electron on the carbon atom labeled in blue contributes
most strongly to the conduction bands close to EF. The
CN group (green and red curves) on the other hand, pro-
vides the largest contribution to the region immediately
below the Fermi level. The BN layer, which we have
added to the structure at a distance of 20 A˚ to avoid
any residual interaction between the two layers, shows
no significant DOS in the vicinity of EF.
As the two layers are put into contact, the situation
changes drastically. A chemical bond is formed between
GrCN and BN and the formerly unpaired electrons’ con-
tribution to the DOS around EF decreases. At the same
time the BN layer, which before did not contribute sigin-
ficantly, now shows a strong contribution on the part of
the nitrogen atom (orange curve). The boron atom (vio-
let curve) on the other hand remains close to insignificant
in the valence region, contributing only very little to the
4FIG. 4. The two top figures show vdW-DF-CX band struc-
tures for freestanding and BN deposited cyanographone,
demonstrating the loss of magnetization upon adsorption
while at the same time, metallicity is conserved. Insets
show the respective atomic structures and solid-blue/dashed-
orange lines correspond to the majority/minority spin chan-
nels. The two bottom figures show the DOS for the same
structures with curves corresponding to projections onto in-
dividual atoms. For ease of comparison between the two DOS,
we have added a BN layer at a distance of 20 A˚ from the iso-
lated GrCN.
overall DOS.
To investigate the binding energy of CN to graphene
in the case of GrCN and GrNC and to ascertain whether,
as in the case of graphone, BN adsorption might be used
to increase the stability of the two systems, we further
performed a series of energy scans for the CN – graphene
distance. The resulting potential energy surfaces (PES)
are shown in fig. 5. We see that, as in the case of gra-
phone, both cyanographone and isocyanographone can
be strongly stabilized by adsorption on BN. While the
former shows a binding energy > 1 eV, the latter, though
stabilized, still only shows very low thermodynamic sta-
bility. This being said, the energy barrier is close to 1
eV, meaning that the system could potentially show sig-
nificant kinetic stability.
In the following we will nonetheless limit ourselves to
considering only GrCN@BN when studying the adsorp-
tion of gas molecules since its higher thermodynamic sta-
bility makes it more likely to be stable under realistic
conditions.
VI. INTERACTIONS WITH GAS MOLECULES
In order to demonstrate the ability of GrCN@BN sen-
sors to discriminate between different molecules based
on whether or not they interact strongly with the mate-
rials cyano groups, we will first study the energetics of its
interaction with a number of different gas molecules i.e.
ΔE
 [e
V
]
GrCN
GrNC
GrCN@BN
GrNC@BN
FIG. 5. Potential energy surface scans for CN/NC adsorp-
tion on both freestanding (GrCN/GrNC) as well as BN ad-
sorbed graphene (GrCN@BN/GrNC@BN). The relative ori-
entation of graphene and BN corresponds to the most stable
GrCN@BN system (orientation 1 in fig. 3). All calculations
are performed using the vdW-DF-CX functional and energies
are given relative to the values at d ≈ 6 A˚.
CO, CO2, O2, N2, and H2S. To simulate the model detec-
tor response itself, we subsequently calculate the systems
current–voltage characteristics (I−V curves) before and
after molecular adsorption.
In order to study the adsorption of the different
molecules on GrCN@BN, we employed a 3 × 3 super-
cell of GrCN@BN. For each of the five molecules studied
we then considered two different initial positions, i.e.,
on top of a CN group as well as in the center of a six-
membered ring (see fig. 6). For each of these two initial
positions we further analyzed two different orientations
of the molecule. We subsequently allowed all structures
to relax while keeping the unit cell parameters fixed.
The final binding energies for all relaxed structures
are shown in table I. We We see that both N2 and CO2
are only weakly adsorbed on GrCN@BN, while O2, CO,
and H2S interact more strongly with the surface. The
strongest interaction is seen for CO and H2S which both
form chemical bonds with the surface cyano groups, re-
sulting in adsorption energies of ≈ 1.2− 2.7 eV. We will
henceforth refer to this type of adsorption as chemisorp-
tion.
As already seen from fig. 6, during the chemisorption
process, the CO molecule forms one/two (depending on
the orientation) chemical bonds with the surface cyano
groups. For H2S on the other hand, chemisorption leads
to the formation of two new (N–H and N–S) bonds (see
insets in fig 7). While the chemisorbed structures of both
CO and H2S are clearly favored energetically over their
physisorbed counterparts, their relevance to the perfor-
mance of a real-world detector will depend on the barriers
involved in the chemisorption reaction, as high barriers
5FIG. 6. The black frame shows a top view of the 3 × 3
GrCN@BN supercell used in the calculations, where the two
starting positions for the adsorbed molecules (R and CN in
table I) have been indicated by red and green circles respec-
tively. The bottom frames show the corresponding relaxed
geometries for the case of CO adsorption in the P1 orienta-
tion. Note how in the case of the R starting position, the CO
molecule has moved away from the center of the six-membered
ring into a bridging position between two nitrogen atoms on
neighboring CN groups.
CO CO2 O2 N2 H2S
P1R -1951 -93 -423 -31 -843
P2R -83 -216 -481 -105 -817
P1CN -1283 -121 -381 -65 -805
P2CN -151 -207 -464 -108 -2761
TABLE I. vdW-DF-CX binding energies for CO, CO2, O2,
N2, and H2S on GrCN@BN. All calculations are performed
using a 3× 3 supercell and values are given in meV. Position
labels R and CN refer to starting positions of the structure
optimization with the molecule either in the center of a six-
membered ring (R) or on top of a CN group (CN), while
P1/P2 have slightly different meanings in the cases of CO,
H2S and CO2, N2, O2 respectively. For CO and H2S, P1 and
P2 indicate whether the oxygen/sulfur is pointing towards or
away from the GrCN@BN surface, while for CO2, N2, O2, P1
corresponds to the molecular axis being perpendicular to the
plane of the GrCN@BN layer while P2 refers to the axis being
parallel to it.
might inhibit molecules from reaching the energetically
favorable minimum at typical detector operating temper-
atures. In order to evaluate the reaction barriers for both
CO and H2S chemisorption on GrCN@BN, we performed
NEB calculations on both molecules, starting from their
lowest-energy physisorbed structures.
The results of these calculations are depicted in fig. 7.
It shows that only small reaction barriers are present for
the chemisorption of both CO and H2S (0.3 eV and 0.2 eV
E 
[e
V
]
Normalized reaction coordinate
CO
H2S
0.3 eV
0.2 eV
FIG. 7. vdW-DF-CX potential energy curves along the
reaction paths for the chemisorption of CO and H2S on
GrCN@BN as determined using the NEB method. Energy
barriers for the individual reactions as well as representative
images of the H2S initial and final structures are also shown.
The CO final structure corresponds to the bridged situation
shown in fig. 6. The zero-point for both curves has been set
to the energy of the physisorbed minimum.
respectively). While these low barriers are highly desir-
able in order to obtaining a good sensitivity, the large re-
action energies for the two chemisorption reactions mean
that desorption of the molecules is unlikely under nor-
mal operating conditions. Poisoning of the detector by
CO and H2S might therefore well be problematic in any
real-world GrCN@BN sensor.
VII. CURRENT–VOLTAGE
CHARACTERISTICS
Let us now conclude our study by analyzing the sim-
plified model of a GrCN@BN based gas sensor shown
in fig. 8. To study the ability of GrCN@BN to selec-
tively detect adsorbed molecules in the presence of other
atmospheric gases we calculate the current–voltage char-
acteristics (I−V curves) of both pristine and molecularly
doped GrCN@BN. After computing the transmission us-
ing the nonequilibrium Green’s function formalism, the
current (I) can be obtained as a function of the applied
voltage (V ) from the standard Landauer equation as
I(V ) =
2e
h
∫ ∞
−∞
dE [fL(E,µL(V ))− fR(E,µR(V ))]T (E)
(1)
where fL/R are the Fermi–Dirac distributions for the
left and right lead respectively and the lead chemical po-
tentials are chosen to be µL/R = EF±V/2 with EF being
the Fermi level. While the voltage is applied from left to
right, the entire structure is periodic in the orthogonal
direction which is sampled by k-points [57].
To determine whether GrCN@BN devices might be
useful as chemical sensors, we are not primarily inter-
6SR RL
......
CO
CO2
O2
N2
H2S
FIG. 8. Voltage-dependent current-ratios (IX/IGrCN@BN) at
T = 300 K, where X = CO, CO2, O2, and H2S as obtained
from the Landauer equation (eq. 1). In all cases, results re-
fer to the most stable adsorption position of the molecule on
the surface (see table I). The inset depicts a schematic rep-
resentation of the computational setup used in the transport
calculations, where the central scattering region (SR) con-
sists of four orthorhombic cells corresponding to the 3 × 3
supercell of (molecularly doped) GrCN@BN, depicted in fig.
6. The desaturated regions to the left and right of the scat-
tering region correspond to the two semi-infinite leads (L/R)
and consist of a single orthorhombic cell of the same type as
those constituting the scattering region.
ested in the absolute value of the current in the molec-
ularly doped layers, but rather its relative magnitude as
compared to the pristine system (IGrCN@BN). The corre-
sponding curves, which are shown in fig. 8, broadly fall
into three distinct groups:
1. Weakly bound molecules (CO2 and N2) largely
leave the systems I − V curves unaltered.
2. Moderately bound O2 leads to a reduction in cur-
rent of ≈ 10% at low voltages with the current more
closely approaching that of weakly bound species at
higher V .
3. Strongly bonded molecules (CO and H2S) lead to
significant changes in the current curves which fur-
ther strongly depend on the identity of the molecule
as the signals of CO and H2S are well-separated
(≈ 10 % ) as well as largely voltage-independent at
voltages ≥ 0.4 V.
Given these results we can draw a number of conclu-
sions regarding the potential performance of GrCN@BN
based sensors:
1. Moderately bonded species such as O2 could be de-
tectable with reasonable accuracy at low V (≈ 10%
reduction in the current).
2. Detection of moderately bonded O2 at higher volt-
ages (> 1 V) becomes increasingly challenging
as the current more closely approaches values ob-
served for weakly adsorbed molecules.
3. Covalently bonded species such as CO and H2S
should be easily detectable (≈ 40−60% reduction in
the current) and well distinguishable (≈ 10% sep-
aration between curves) over a range of different
operating voltages though poisoning of the detec-
tor could be a problem.
VIII. CONCLUSIONS
We have demonstrated how half-cyanation of graphene
leads to a thermodynamically stable material which is
conducting and shows long-range ferromagnetic order-
ing. This material was termed cyanographone in analogy
to half-hydrogenated graphene (graphone). We subse-
quently showed how the material can be further stabilized
by depositing it on hexagonal BN due to the formation
of chemical bonds between the unsaturated carbon sub-
lattice of the cyanographone and the boron atoms within
the BN layer. This adsorption further causes suppression
of the ferromagnetic ordering observed for the freestand-
ing system, without the opening of a band gap.
Lastly, we investigated the chemical sensing capabili-
ties of this new-found material by studying the changes
in its current–voltage characteristics upon adsorption of
different common gas molecules. We found the system to
display a highly selective sensor response to both CO and
H2S adsorption, as both species form a chemical bond
with the GrCN@BN surface. Sensitivity to O2 on the
other hand is less pronounced and only present at low
voltages. The application of GrCN@BN to gas detection
is further made attractive by the fact that common at-
mospheric gases, namely N2 and CO2, were found to not
significantly affect GrCN@BN I−V curves meaning that
they would not interfere with the operation of a potential
GrCN@BN based sensor.
As the application of GrCN@BN to gas sensing likely
by no means exhausts the entirety of its possible uses,
we hope that our study, in combination with the recent
advances in cyanographene synthesis, will spur more re-
search into pseudohalogenated graphenes in general as
well as cyanographone in particular, helping to fully un-
cover the potential of this fascinating class of materials.
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